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DYNAMIC CHARACTERISTICS OF A SINGIE-SPOOL TURBOJET ERGINE

' By 'R. T. Craig, George Vasu, and R. D. Schmidt

SUMMARY

Operation of a single-spool turbojet engine with varigble exhaust-
nozzle ares was investigated over a range of altitudes at a constant
flight Mach number. Data were obtained by subjectlng the engine to
approximate step disturbances in the independent variebles, and the
information necessary to effect & linesrized first-order description of
the engines dynamic operation was obtalned.

The generalized dynamic cheracteristics were little affected by
operation at different altitudes but did vary with rotational speed and
exhaust-nozzle area. The engine time constant was not notlceably
affected by the size and the direction of the fuel flow disturbance used
in ite determination, but the rise ratios of the other dependent vari-
ables were. The dats lndicated that these step-size effects may be
attributed largely to combustion-efficlency changes during off-
equilibrium operstion. The use of the llinearized first-order descrip-
tion of the engine was found to give acceptable accuracy for only very
small independent variable disturbances.

INTRODUCTION

Anelysis of turbojet-engine control systems can be simplified
through the use of analytical techniques in which part or all of the
physical system 1s replaced with its mathemstical equivalent. A par-
ticularly attractive feature of this technique is that many charecter-
istics of a complete control system can be determined and studied with-
out the necessity of operating the englne under actual or simulated
flight conditions. The design of an integrated control system for a
turbojet engine requires, however, a knowledge of the dynamic charac-
teristics of the engine.

The mode of englne operation under examination largely will deter-
mine the type of analytical approach used. If only stability and re-
sponse to small perturbatlions are considered, & linearized first-order
description of the engine in matrix form can be very useful (refs. 1 to
3). Determination of the effects of afterburner operation on the
primary controlled engine 1s an example in which this mathematical des-
cription can be used advantageously.
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In initiating an experimental control program on a new or unexplored
turbojet engine, it ie possible, on the basis of previous experience with
related types, to draw a general picture of the characteristics of the %
engine to be studied. The status of information availlable on turbojet-
engine dynamics at the start of the investigation covered herein may be
summarized as follows: -

Bngine time-constant values essentially ere lndependent of whether
they are determined by the use of-fuel flow or exhaust-area step distur-
bances. Generalized values of time constants, gains, and rise ratios
vary with changes 1n engine rotational speed but are Invariant with
changes in flight altitude. Effects of slize of step disturbances on time
constants have not been noticed in a limited nuumber of studies, and no
effort has been made in exploring the same effects on rise ratios (ref. 4).
Operation at different exhaust-nozzle areas does not affect time constant,
and ares effects on gains and rise ratios have not been fully explored.

2806

The informstion presented in this report will substantiate many of
these concepts and refute others. Particular attention will be directed
to the areas that have receilved little previous investigation.

The objectives of the work reported herein are to delineate the
regions of applicability of the linear representation of the turbojet
engine and to discuss some of the difficultles that may be encountered
in its use. In addition, the investigation illustrates the degree to -
which various parameters will generalize for changes in flight condition,
the extent to which the dynamic characteristics such as time constante
and rise ratios are affected by variations in the slze and direction of .
an input disturbance, and the amount that the dynamic terms used in the
description ofthe engine willl vary with changes in exhaust-nozzle area.

A single-spool turbojet engine was instelled in the altitude wind
tunnel at the NACA Iewis laboratory and investigated at a Mach number of
0.17 at altitudes of 15,000, 35,000, and 45,000 feet. PFrom the experli-
mental program, information sufficient to permit a linear description of
the englnes dynamic behavior over a range of £llght condltions was
obtained.

ENGINE DYNAMICS

Previous investigations (refs. 1, 3, and 4) have demonstrated that
for stability and small-dlsturbance studies a set of linearized first-
order differential equations may be used to represent the dynamic behavior
of a turbojet engine. Therefore, the rotational-speed response of the
engine to variations in fuel flow and exhaust-nozzle area may be expressed .
by the following equations:
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AN = S%L Aw_-+ %WAA+3Q—1—AQ (1)
EW,A
oe k(-2 (2)
FNW,

(The symbols used are defined in appendix A.) If a general output
or dependent variable X 1is considered, 1ts response to fuel flow and
exhaust-nozzle-grea perturbations may be expressed by the following:

AX=§% Aw+a—| AA - S%WA -ﬁaq— (3)
SN

Compressor-discharge pressure, turbine-discharge pressure, net
thrust, and turbine-discherge temperature may be expressed in the general
form of equation (3).

A convenient arrangement of these equations in matrix form is shown
in figure 1, and the mathematical analysis 1s discussed in detail in
references 2 end 3. Each horizontal row of the matrix gives & solution
for a particular dependent variable. The solution is understood to be
the input to each columm multiplied by the coefficlient in that column
with the summation carried out across each row. ThHe terms shown in the
first two columns of the matrix are partial derivatives evaluated with
respect to one independent variable while 11 others are held constant.
These terms may be obtained as the slopes of steady-state curves. The
partial derivative terms in the third column of the matrix give the time
varistion of the particular parameter, are evaluated with all independent
variables held constant, and must be obtained by use of transient data.

The time variation of rotational speed can be characterized by a
first-order time lag; therefore, the use of a time constant is permitted.
The time constant is proportional to the polar moment of inertia of the
rotating members and is inversely proporilonal to the rate of change with
speed of the difference in torque generated by the turbine and that
absorbed by the turbine and that absorbed by the compressor. It is

I
defined as 1T = - 5@?___' The time constant also may be considered to
Ny, a

be the time required for 63 percent of any given change in speed to oceur
in respounse to a step disturbance in an independent variable.
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If so desired, equations (1) to (3) may be manipulated into trans-
fer function form. The response of speed and the general dependent vari-
able X 1in transfer function form are given by the following equations: -

ON 1 ON 1
AN:WA31+TBSAW+3K1W il+’rs$AA <4)

2806

oX| 1 + ats X! 1+ brs
AX=3-V7A1+TS AW+FAW1+TSAA (5)

The values & and b are rise ratlos and are a ratio of the initial
rise to the final change in a dependent varisble caused by either a fuel
flow or an area disturbance (ref. 4). The two sets of equations ((1) and
(3); (4) and (5)) are related by the following expressions which give
the rise ratios in terms of partial derivatives:

BNI ax‘
W s SNy, A

o=~ Ao WA (6)

il .

ON| oX .
SAly SN W,A 1

X
a2l

In these equations the rise ratios a and b and the partial

are the terms that are evaluated from transient dsta.
W A
Since the derivative OX
ON

derivative g%

1s common to both equations, it is evident
W,A
that, once the rise ratio for either an area or a fuel flow input is
determined, the other rise ratio can be calculated without the need for
further transient data. A pitfall in this calculation, however, is that
the desired result 1s contained in a small difference between two num-
bers of the same approximate size. Therefore, any errors made in the
experimental determinatlion of-the derivatives or rise ratios become
greatly amplified when the results are obtained. ' ' .
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APPARATUS AND PROCEDURE

The informastion presented in thls report was obtained from a turbo-
Jet engine having a single-spool axial-flow compressor, an annular com-
bustor, and a variable-area clam-shell-type exhaust nozzle. At statlc
sea~level rated conditions, the compressor pressure ratio was approxi-
mately 5 and the rotational speed was 7260 rpm. For the experimental
program, the engine was wing mounted in the test section of the NACA
Lewis laboratory sltitude wind tunnel.

The engine was installed with a bellmouth inlet in order to obtain
equivalent flight speeds by use of the tunnel drive system rather then
by an inlet ram pipe. Utilization of the tunnel drive system has the
advantage that essentially constant £flight speed can be maintained during
transient operation. However, at the time of the experimental program,
difficulties with the drive system limited the meximum flight Mach num-
ber to 0.17.

The basic type of disturbance used was an approximate step change
in fuel flow. In order to obtaln such disturbances, the fuel valve and
the pumping system furnished with the engine were replaced by a fuel
pump driven by an electric motor and a fuel valve specially designed to
obtain short response times and good steady-state stability over a wide
range of fuel flows.

A limited number of exhaust-nozzle-area disturbances also were
included in the experimental procedure. These disturbances were obtained
by introducing & step change in the signal to the electronic-hydraulic
nozzle actuator. : ’

For each transient run, the englne was allowed to reach a desired
equilibrium flight condition end then was subjected to a step disturbance
in either fuel flow or exhaust area. Following this disturbance the
engine would accelerate to and level out at a new equilibrium condition.
The transients were run in groups of steps from a glven condition, up to
a new equilibrium value, and then back down to the starting condition.
These groups were repeagted at a particular wvalue of altitude and exhaust-
nozzle area until the complete speed range was covered and then were
repeated a sufficient number of times so that all the desired combinations
of altitude and exhaust-nozzle area were explored. A similar process was
carried out for the area steps with fuel flow held constant in this
instance.

Engine parameters were recorded during transients on two, six-
channel, direct-inking oscilllographs. An example of a typlical engine
response to a fuel flow disturbance is shown in figure 2. Only the
traces under consideration in this report are shown. Teble I summarizes
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the lnstrumentation used to measure'values in steady state, the sensing
device used to measure the variations during transients, and the frequency
response of the transient instrumentation. A description of the transient
instrumentation is given in appendix B.

ANATYSTS OF EXPERIMENTATL DATA

As indicated in the sectlon ENGINE DYNAMICS, the terms in the first
two columns of the matrix of figure 1 can be evaluated as the slopes of
steady-state plots. For example, 1if the gain of speed to fuel flow is
considered, a set of curves of speed and fuel flow for the desired fllght
condition is obtained and the slope of a constant-area line is deter-
mined at particular velues of speed and fuel flow. In order to deter-
mine how well altitude perfarmance can be predicted by use of sea-level
data, the steady-state characteristics from each flight conditlon are
generalized to a static sea-level reference. Examination of the slopes
of these generalized curves will show whether or not generalization holds.
If the data does generalize, then one set of curves can be used for the
prediction of many £iight condltlions.

If the input disturbances are sufficiently close to steps and the
instrumentation effects are negligible, the time constant and the rise
ratios mey be read directly from the experimental results; however, this
is seldom possible. In order to overcome these difficulties, the use
of semilog plots of the dependent varisbles against time has proven to
be an economical procedure. These semilog plots alsc eliminate errors
introduced by the eurvilinear ceoordinstes of the original data, average
out random reading errors, and help to overcome any low signal-noise
ratios encountered. 1In addition, since only ratios of values from each
trace are used, effects of calibration errors are eliminated. For any
particular transient, the various dependent variables can be plotted as
e group of parallel strailght lines whose slope contains the information
necessary to evaluste the engine time constant. Departures from these
straight lines provide & measure of the systems deviation from a true
first-order linear response.

Determination of the partial derivetives g% in the third
W,A

column of figure 1 requires a somewhat more complex treatment than does
the time constant. These derivatives can be evaluasted directly by taking
slopes of the dependent varisbles during transient operation. This
method, however, while very straight forward, does not have a useful
degree of accuracy._ The poor accuracy can be attributed to reading
errors in obtaining the slopes of noisy traces, inherent errors in deter-
mining the slopes of traces recorded on a curvilinesr ccordinate system,
and difficulties in calibrating individual traces.

20806
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Many of these sources of error can be eliminsited or minimized if
the transient data are evaluated in the form of rise ratios. It is
reasonable, therefore, that the approach to the determination of the

derivatives which proved successful is one involving the use

X

ON W,A
of rise ratios. Once the rise ratios and the necessary gain terms are
avallable, the desired partial derivatives can be determined by menipu-
lating equations (6) and (7) into the following expressions:

ox (1 - a)
axl oWy
FN‘W,A = 3N (8)
OW|
or
axl
=| (1-71)
oN W,A a_N
OA W

The application of equation (8) or (9) will depend on whether fuel
flow or area steps are used for the transient investigation. The gain
terms in these equations are from slopes of well-defined steady-state
data, and the rise ratios a &and b are relatively unaffected by meny
errors normally found in transient information. Therefore, use of these
equations results in one of the most accurate methods available for

oX
obtaining values of I

aN W,A

RESULTS AND DISCUSSION

All the terms of the matrix of figure 1 wlll be evaluated, and esasch
dependent variable of the engine will be discussed sepsrately. All data
considered will be generalized to static sea-level conditions, and the
one-hundred-percent values of g8ll parameters except exhaust-nozzle ares
are those that would result from operating the engine at rated thrust
under sea-level static condlitions. The one-hundred-percent value of
exhaust-nozzle area is defined as that equal to the turbine-exit area.

~
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Rotational speed. - A steady-state map of the speed - fuel flow
performance of the engine is given in figure 3. Data recorded at an
altitude of 15,000 feet and a Mach number of-0.17 are generalized to
static sea-level conditions. This figure is given only as a typical
pattern, because the generalized data taken at other altitudes differ
slightly in absolute values. The generalized galns of speed to fuel

BNt
flow u (8) obtained from curves similar to those of figure 3 are
A

given in figure 4 for three altitudes and four exhaust-nozzle areas. It
is evident that the generalized galins for each area are invariant with
altitude, but there is a definite effect of exhaust-nozzle area; partic-
ularly in the low-speed ranges. In the region above 89 percent rated
speed, the gains no longer have a large variastion with aréa and do not
change appreciably with speed.

The second columm of the matrix is concerned with the area effects
on speed. 1In the inbterest of simplicity, only one particularly important
region of area perturbation, that of maximum speed, will be considered.
For each exhsaust-nozzle area, & particular fuel flow is required to
attain maximum speed and, of course, will vary with f£1llght conditions.

In addition, largely because of decreases 1ln combustion efficlency with
increased altitude, the generalized fuel flows also will change (fig. 5).

The variation of the gain %%{ with ares and sltitude at the max-
W

imum speed polnts 1s illustrated in figure 6. The data for different
areas are evaluated as the slope of a consfant fuel flow line at the
point of maximum speed with the constant fuel flow being that required to
reach maximum speed at the particular exhaust area. The decreasing
sensitivity of speed to area changes as operatlion progresses to the
larger areas 1s clearly shown.

Consideration of the engine time constant now will complete the
description of the engine's speed relations. In figure 7 the generalized
time constants obtained at. various altitudes and by different-size steps
in fuel flow and exhaust-nozzle area are presented. These time constants
were obtained at various exhaust-nozzle areas. The general shape of the
curve is that of a hyperbolic function but with a considerable degree of
scatter in the individusal data points. As in the case of the speed -
fuel flow gains, little variation in time constant with speed was noticed
in the range above 82 percent rated speed. An attempt was made to cor-
relate the apparent scatter with altitude, but the degree of scatter at
any one gltitude was of the same magnitude as that-at—=all altitudes.
Efforts to correlate the scatter of time-constant values obtained from
fuel steps with exhaust-nozzle area and with the size and direction of
the step also failed.

2806
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Comparison of the time constants obtained from fuel steps with those
from exhaust-nozzle-area steps 1llustrates that there are no noticeable
differences due to the type of disturbance. This result substantiates
information from previous studies. Plus and minus speed changes up to
the order of 10 percent of rated values were utilized during the program,
and over this range no departures from lineerity and no effects of step
size were discerned in the speed information.

Compressor-discharge pressure. - The steady-state variation of
compressor-discharge pressure with fuel flow is shown in figure 8. The
gorm.of these data is typical of all sltitudes considered. The gains

P
2

oW ;
fuel flow gains. The generalized gains are invariant with altitude, show
the largest variation with exhaust-nozzle area in the low-speed range,
and show little variation with speed in the high-speed regions.

shown in figure 9 follow the same general trends as the speed -

No deviation from the speed - exhsust-nozzle-area pattern is observed

Py
in the gains SE W. These generalized vealues vary with altitude for the

smaller areas and then essentiglly become inverient with altitude in the
large areas (fig. 10). As operation progresses to the larger areas, area
variations have less effect on the engine.

In figure 11(a) the compressor-discharge-pressure rise ratio 4
for varied-size steps in fuel flow and for several altitudes is plotted
against generalized speed. The data points cover a range of exhaust-
nozzle areas. These date points show a conslderaeble degree of scatter
and at first inspection do not necesssrily Justify the single curve
drawn. Correlation of the apparent scatter with altitude and exheust-
nozzle area was explored, but none could be ascertained. Such perfor-
mance paralleled the characteristics exhibited by the engine time con-
stant.

A further attempt to resolve the apparent scatter was made by con-
sidering the effects of the fuel flow step size, and the results of this
investigation are shown in figure 1l(b). For this plot of compressor-
discharge-pressure rise ratio for fuel flow steps, the data points of
figure 11(a) were used with the points separated into groups of plus and
minus 2 percent about a center speed value. With the 100-percent center
speed group used for an example, the data points for that particular
group were obtained from final speeds of 98 to 102 percent rated and were
plotted against the size of total speed change experienced by each
transient. The points in any speed group are for a number of altitudes
and for a number of exhaust-nozzle areas. In all the ranges consildered,
there is an essentially straight-line relation of rise ratio to size of
speed change. The larger a step up to a final speed, the smaller the
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rise ratio; and the larger a step down, the larger the rise ratic. Such
behavior holds throughout the speed range, becoming more pronounced at
the maximum speed end, and is evidence of definite nonlinear performance. -

For Infinitesimally small step disturbance, the rise ratio is
defined by the intersection of the generalized speed lines of figure 1l(b)
with a vertical line drawn through the zero-speed-change point
(AN/-/6 = Transfer of these intersection points to figure 1i(a)
defines the single curve that is drawn. This curve represents the rise-
ratio variation with speed and holds only for very small disturbances;
because of—the excellent correlation of the apparent scatter with step
size, it now appears to be well defined.

2806

After the rise-ratio curve is defined and the speed and compressor-
dlscharge-pressure fuel flow gains are obtalned, the partial derivative
aPz

3N

oP2
Eﬁ? against speed for four exhaust-nozzle areas are given in fig-
W,A '

may be calculated by use of equation (6). Generalized values of

WA

ure lé. The calculation of theee values depends for good resulis on
accurately determining small differences bétween large numbers. Any
errors made in the larger numbers will appear in msgnified form in the
desired answers; however, cross checks on the géneraslized values of o
BPg »
BN in figure 12 seem to indicate the calculation procedure has a

W,A o
degree of accuracy sufficient to produce useful results. One check is .

P2 ; .

to examine the generslized gﬁ— information obtained by taking point-
by-point slopes of the transient traces. The data obtained by this method
do not define the same curves as in figure 12, but do substantiate the
general characteristics of the results dbtained'by the calculation pro-
cedure.

A more precise method by which to check on the calculation of

OP2
N ;, and in doing so check the general accuracy of the various gain
W,A ’ ’
3P,
terms as well, is to substitute the value of Sﬁf in equation (7)
W,A

in order to calculate the rise ratios for area steps. Theoretically,
because of the choked condition of the turbine nozzles, the compressor-
discharge-pressure rise ratio for an ares step should be zerc in the high-
speed range, and the limited number of area steps taken exhibit this “
expected behavior. Therefore, if the calculated values of compressor-
discharge-pressure rise ratio for area steps are zero for the top-speed
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range, the experimental information can be deemed sufficlently accurate.
A table of the ratios calculated for exhaust-nozzle-area steps at maxi-
mum speed for four areas and two altitudes 1s tebulated as follows:

Exhsust nozzle area,
percent rated area 133 | 108 98 89

Rise ratios, altitude

of 15,000 £t 0.03 | 0.03 | 0.07 | O

Rise ratios, altitude

of 55,0w £4 0.01 -0.086 ‘0.03 -0.08

All these rise ratios are sufficiently close to zero to support the
validity of the use of the experimental data in the calculation procedure.

The difference in the effects of step size on the rise ratio of
compressor-discharge pressure and engine time constant brings forth an
important point. Previous investigations (ref. 1) have shown that the
stablillity of a controlled engine speed - fuel flow loop adequately can
be predicted by use of a linear first-order representation of the engine.
Because the time constant of the engine under consideration in this
report did not vary noticeably with step size, its speed relation also
can be predicted. IFf other control loops are counsidered, compressor-
discharge pressure with fuel flow, for example, the value of rise ratio
in calculations is open to question. The curve of zero-step-size rise
ratios in figure 11(2) can be utilized for approximate calculstions of
response and stabllity; but once disturbances other thaen very small ones
are considered, cognizance mist be taken in the calculation procedure of
the rise-rgtio varilation. This procedure deviates from the simple linear
representation and must be used for disturbances in which the speed
departs from equilibriuvm by more than two or three percent. The first
two columns of the matrix would still be applicable, but the speed or
time effects of column three would not. It also is possible that the
time constant of speed-time traces have step-size effects that are not
discernible by use of semilog plot snalysis. Such action appears probable
in that the parameters having the lead-~lag form such as compressor-
discharge pressure linherently are more sensltive to initial varilstions
in step data than are parameters, such as speed, having the lag form.

Turbine-discharge pressure. - The performance of the steady-state
turbine-discharge pressure with fuel flow is shown in figure 13. From
dPg
similar curves, the gains SE— of figure 14 are obtained. Here it
WA
is seen that the generalized gains are invariant with altitude, and in
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addition they show little varistlon with exhaust-nozzle area. The three
aregs other than the largest have essentially the same gains, and all
the area curves show little varistion over the entire speed range.

The generalized gain OPg 1 in figure 15 exhibits the same
JA (E
W

characteristics as those exhibited by speed and compressor-discharge
pressure. The gains vary with altitude and become essentially constant
in the larger asreas. The variatlon with altitude is more noticegble in
this case, however, than in the case of compressor-discherge pressure.

The rise ratios of turbine-discharge pressure for fuel flow steps are
shown in figure 16. The plot of rise ratioc against speed change in
figure 16(b) 1llustrates that the step-size effects are considerably less
than those experienced for compressor-discharge pressure. If the change
in speed necessary to cause a certaln percent varistion in the rise
ratios of compressor-discharge pressure is considered, a considerably
larger change in speed i1s necessary to cause the same percent variation
in the rise ratios of-turbine-discharge pressure. An additional cause
of separetion can be noted here, however. In the speed range sbove
87 percent rated, effects of the exhaust-nozzle area become significant.
In figure 16(b) the two nozzles that are 133 and 108 percent of the
rated area are represented by the dot-dash lines, and the two nozzles
that are 98 and 89 percent of the rated area are shown by the dashed
lines. Below 87 percent rated engine speed, a8ll areas are represented
by the solid curves. These data show that, for any given speed above
87 percent rated, the rise ratio at the small areas 1is noticeably lower
than at the large areas. Both stlll exhibit the step-size characteris-
tic. The two curves in Ffigure 16(a) are the zero-step-size intercepts
of the lines of figure 16(b). A single curve is drawn in the region
below 87 percent rated speed. The separation may be in four groups
rather than two, but there was insufficient data to define any such
action. The two areas 1ln each group have a common characteristic. The
two larger areas are larger than the turbine-exit area, while one of-the
two smaller areas is essentially equal to the turbine~exit area and the
other is smaller. This action suggests that the place or manner in
which the engine chokes is tlied in with the rise ratios obtalined down-
stream of the choked region.

From the two curves of rise ratioc, the partial derivatlve terms

gﬁ— may be determined, and they are shown in figure 17. The general
W,A

characteristics exhibited by compressor-discharge pressure are followed
by the turbine-discharge pressure.

Net thrust. - Previous studies had indicated that the behavior of
net thrust and turbine-discharge pressure would be very similar, and
this was in part substantiated herein.

2806
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The performance map of steady-state scale thrust asgainst fuel flow
is shown in figure 18. These values differ from net thrust by the drag
of the experimental installation, which was not determined. The data
for the exhsust nozzle of 133 percent rated sres cannot be shown on the
same coordinates because these data were run with an installation having
slightly different drag characteristics.

In figure 19 it can be seen that the generalized gains of thrust

OF :
to fuel flow Sﬁ' nf @ are very similar to those of turbine-discharge
A

pressure in thelr variation with speed; exhaust-nozzle area, and alti-

tude. For constant-area curves, no variations with altitude are detected;

and the three smaller areas of 89, 98, and 108 percent rated area have
essentially the same values of galns. The area of 133 percent rated
ares has somewhat smaller gains throughout the speed range, and all
curves show that thrust is increasingly less sensitive to area changes
in the large areas.

The thrust experimental information was somewhat limited, and
thrust - exhaust-nozzle-area gains at top speed were obtained only at

OF
two areas. Values of this galn 331 (%) are shown 1ln the following
W

table for a flight Mach number of 0.17 and at rated engine rotational
speed:

Altitude, Exhaust-nozzle area, A
H, : sq in.
Tt 530 . 483
ég‘ (;) percent rated thrust
OAly 8/’ percent rated area
15,000 -0.349 -0.273
35,000 -.355 -.284

As is regdily seen, these generalized gains are essentlally invariant
with changes in altitude and seem to be similer to the patterns set by
turbine~discharge pressure.

Further similarity between the resulits of thrust and turbine-
discharge pressure is evidenced in the thrust-rise-ratio results
of figure 20. The rise-ratio curve of figure 20(a) is defined by
the intersections of the speed group lines in figure 20{b) with a
vertical line drewn through the zero-speed-change point. While

S
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the form of this curve is similar to the turbine-discharge-pressure
informatlion, several important differences are apparent. There is no
separation into two area curves in the high-speed range, and the thrust
ratios are gpproximetely 20 to 40 percent lower at rated generalized
speed than the turbine-discharge-pressure rise ratios. In addition,
figure 20(b) illustrates that the percent—variations in thrust rise
ratlos with size of speed change are larger than the varistions
shown in the rise ratios of turbine-discharge pressure and are more
similer in size to the variations shown by compressor-discharge pres-
sure.
. OF
The thrust partial derivative — generalized to static sea

ON W, A

level is presented in figure 21. These curves are simllar to those
obtained for compressor- and turbine-discharge pressures with respect
to variations with area and generslized speed.

It is of interest that all the partial derivative curves %%
1W,A

reach meximums in the generalized speed range of 83 to 96 percent rated
speed. The trends of pesk point with exhasust area are not consistent—
wlth area, however. -

Turbine-discharge temperature. -~ The generalized data in filgure 22
illustrate the fact that the steady-state characteristics of torbine-
discharge temperature against fuel flow are somewhat unique in that-
increasing the fuel flow does not in all ranges bring about an increase
in temperature. Reversals are experienced in the lower fuel flow ranges.

o of
Because of these reversgls, the temperature - fuel flow gains Eﬁg

experience both positive and negative values as shown in figure 23. Con-
sistent with the other geins considered, the generalized temperature
gains are affected by exhaust-nozzle srea and speed, but they are invari-
ant with sltitude. Only one altitude was explored in the lower-speed
range, however; and if data from different altitudes were avallable in
this region, full generalization may not necessarily hold.

In figure 24 the generalized galns of temperature to aresa éfﬁ] (E)
| aA;W ¢
are presented. These generalized galns exhibilt a consistent variation
with the exhaust-nozzle area for the two altitudes investigated, bui~
the two altitude curves asre displaced by an increasing amount as opera-
tion progresses to the smaller areas. ) -

The information presented on temperature gains exhibits character-

istics that esgsentlally follow the patterns set by speed, compressor- and
turbine-discharge pressures, and thrust. However, several reglons of
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severe limitatlion are encountered when rise ratios are used to determine
oT
6
the value of gﬁ—'w A’ the term descriptive of the time behavior of tem-
2

perature. Inspection of equation (6) shows that extremely large values
of rise ratio, both negative and positive, may be expected at low engine

speeds where the steady-state derivatilve Bﬁg ig near zero. In the
A

upper-speed region the rise ratio as experimentally determined is close

to unity so that equation (6) again fails to accurately determine

oT
5]

oN

W,A

Because its rise ratios are such large npumbers in the lower-speed
region and so close to unity in the higher-speed region, temperature
places the largest demands on experimental accuracy of any of the depen-
dent variables consldered. However, experimenteal conditions are such
that the temperature data as recorded are affected by the largest amount
of unresolvable noise exhibited by any dependent variable. Other param-
eters such as thrust have lower signsl-noise ratios, but the noise 1s
largely caused by vibrations snd such effects can be eliminated easily
in the analysis of the data.

An attempt was made to clrcumvent some of the preceding difficulties
aTs
in determining SE_ in the following manner: From experimentation of
W,A

similar engines, consideratlion of theoretical aspects, and examination of
a limited number of area perturbations for the engine under study, it 1s
expected that there is no lmmediate change in turbine-discharge tempera-
ture because of an exhsust-nozzle disturbance, particulsrly in the high-
speed regions. Such sction 1lndicates that the rise ratio in turbine-
discharge temperature to an area step change 1s essentially zero in this
region. Therefore, 1t can be seen from the equation for rise ratio

AN

dT Ay a1, -
j=1- - . BTSF_ thet S .4 can be determined if the gains Jy W

W
aTG
and Eﬁf'w are known and the rise ratio ls assumed zero. Such computed
oT

values obtained by utilizing éxperimentally determined %E‘ and 3 6

Alw AW

gains are shown in figure 25.
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Some corroboration of these computed results is availeble from
experimental transient temperature data teken with fuel flow steps. The

was determined from the transient traces,

partial derivatlve Eﬁg AN
2

and the generslized data are shown in figure 26. These values show con-
giderably less scatter than any values obtained for rise ratios; but,
although the data points show trends for each ares, they do not justify
the curves drawn. The curves drawn were determined from the following

equation: EEE aTsl aTs N where BTS and on
: = - - are
OW {g,y OW |p ON |y, OW|y W |a oW|
oT
determined Prom steady-state data and Eﬁg is twken from figure 25.

W,A
The calculated curvées are within the scatter of the experimental data and
have a conslstent variation wlth area that is essentially supported by
the individual area points. Since the calculated. values agree with the
ATg

experimental data, the values of 3N in figure 25 are consldered

WA

to be of useful accuracy.

Close examlnation of the EEé values indicates that the size
W {a,N
and the direction of the step in fuel flow had a definite effect on the
initial rise in temperature, as it did on the other dependent variables
considered. Due to the sepasration into four areas, however, there were
insufficient data to eliminate the step-size effects and thus exactly
to specify the curves.

Examination of all dependent varisbles considered indicates that
throughout the engine there is a consistent pattern set by the varilation
ofrise ratios with size of fuel flow disturbance. In comparison with
an infinitesimally small step, a finlte step up to a £insl speed gives
smaller rise ratios and a step down glves larger rise ratios. Such a
pattern may be a conventional nonlinearity, which will necessitate
expressing the time history of-a dependent varisble as a function of
fuel flow, area, and a time derivative of the dependent variasble. 1In
this case the equations used to obtain the matrix form no longer apply,
and for very large disturbances a nonlinear anelysis undoubtedly is
necessary.

Utilization of a nonlinear mathematical treatment may not be
necessary, however, if only medium-sized excursions, 10 percent—of rated
speed or less, are considered. . This may be done by assuming that the
step-size effects are largely caused by combustion-efficiency variations
during off-equilibrium operation. Measured temperature exhibited step-
size effects, and it, in general, is a good measure of the true energy
input to the engine. In addition, all the dependent variables have &
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very counsistent variastion with step size. These characteristics indlicate
that the assumption of combustion-efficiency changes during transients is
reasonable. If this efficiency does vary with an effective time relation
of the same order of magnitude &s the engine time constant, the step
effects can be accounted for.

Accounting for a combustion-efficiency variation during transient
operation would necessitate an addition to the metrix of figure 1. The
actual fuel into the engine would be replaced by an effective fuel input.
This input would be obtained by operating on the actual fuel fiow dis-
turbance by a lead-lag transfer function and then introducing this value
into the matrix form. Thus, with a fairly simple addition, the matrix
form can be utilized for study of disturbances up to the order of 10-
percent changes 1n rated speed.

SUMMARY OF RESULTS

Operation of a turbojet engine with & variable exhaust-nozzle area
was investigated at altitudes of 15,000, 35,000, and 45,000 feet at a
constant flight Mach number of 0.17. From the information obtained in
these studies, & summary of the dynamic characteristics of the turbojet
engine may be made as follows:

1l. The generalized fuel flow gains %% A of the dependent varisbles,

speed, compressor- and turbine-discharge pressure, net thrust, and
turbine-discharge temperature, were invariant with changes in altitude.

X
The generalized gains of exhaust-nozzle area SZ of the same depen-
W
dent varigbles were found, however, to vary with altitude. The genera-
lized time constants for both the fuel flow and the area steps and the
rise ratios for fuel flow steps also were invariant for altitude changes.

2. All fuel and area gains were affected by the value of the
exhaust-nozzle area. All area galns regached minimum values in the large
areas. No ares effects were noted on either time constant or any rise
ratios other than those of turbine discharge. The turbine-discharge-
pressure rise ratlo in the high-speed range varled with exhaust ares;
the smaller areas geve lower rise ratios. Turbine-discharge-temperature
transient information was presented in the form of an initial rise in
temperature to a fuel flow step, and these values also were affected by
operation at various exhaust-nozzle areas. All partial derivatives of

the form §§ were dependent on exhaust-nozzle area.
Niw,A
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3. Up to the limit of speed changes investigated, 10 percent, the
engine time constant was independent of the size of step and no depar-
tures from linearity were discerned. The rise ratios of compressor-
discharge pressure, turbine-discharge pressure, and thrust were affected
by the size and direction of the speed change. The data indicated that
these step-size effects may be attributed largely to combustion-efficiency
changes during off-equilibrium operation. Consideration of-the individual
parameters gives the degree of rise-ratio variatlon with size of step to
be expected 1n each case. e

4. The use of rise ratlos does not appear to be an adequate des-
cription of the time behavior of turbine-discharge temperature. Use of
the initisl rise due to a fuel flow step gave acceptable results; how-
ever, the amount of noise encountered made the accuracy of the results
more questionable than that of the other dependent varisbles considered.

Lewis Flight Propulsion Iaboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohio
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

a:b;d:}
£,5,k

exhaust-nozzle area, percent rated ares
initial rise ratios

net thrust, percent rated thrust

altitude, ft

rotor poler moment of inertisa

engine rotational speed, percent rated speed
compressor-discharge pressure, percent rated pressure
turbine-discharge pressure, percent rated pressure
engine torgue

complex Iaplacian operator

turbine-discharge total temperature, percent rated temperature
fuel flow, percent rated fuel flow

general dependent variable

ratlo of total pressure at engine inlet to a reference abso-
lute pressure, at NACA standard sea-level conditions

ratio of total temperature at engine inlet to a reference total
temperature, at NACA standard sea-level conditions

engine time constant, sec
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APPENDIX B
DESCRIPTION OF TRANSIENT INSTRUMENTATION

Recording equipment. - Engine parameters were recorded during
transients on six-channel, direct-inking, magnetic-penmotor oscillographs.
Fach channel of the recorders was driven by either a d.c. or strain-
analyzer type of-amplifier, depending on the parameter belng measured.
Strain-analyzer amplifiers were used with the sensing devices for pres-
sures, fuel flow, and thrust, while d.c. amplifiers were used with the
sensing devices for speed, temperature, and position. The frequency
response of the penmotors in combination with either type ofamplifier
is essentially flat over the range from 0 to 100 cycles per second. The

oscillograph chart speed was 12.5 millimeters (2% units) per second.

Timing marks were introduced on certain channels by removing the
signals from these channels, before or after a transient, simulteneously,
by means of a switch. These marks serve as a means of alining the traces
from different recorders and.for detecting slight variations in the
length of individual pens.

Posiilon indicaetion. - The position of the exhsust nozzle was
obtained by attaching a potentiometer in such a manner that its movable
arm was an indication of the position of the nozzle. A d.c. voltage
was appllied across the potentiometer so that a d.c. voltage indicative of
posiltion appeared between the movable arm and elther end of the potenti-
ometer. For the trepnsient indication, the initial level of the signal
was cancelled out by series addition of an adjustable voltage opposite
in polarity to that of the signal. This was done since it was desired
to record only the change during the transient. The gignal then was
applied to a d.c. amplifier feeding one channel of a recorder.

The frequency response of this circuit was limited by that of the
amplifier and recorder.

Turbine-discharge temperature. - Turbine-discharge temperature was
measured by a number of 18-gage, chromel-alumel, butt-welded thermoccuples
electrically connected in parallel. The signal from the thermocouples
was applied to a magnetic amplifier to increase the amplitude of the
signal without the introduction of excessive nolse or drift. The mag-
netic amplifier was followed by an adjustable voltage to cancel out the
initial level, a thermocouple compensator, and a d.c. esmplifier feeding
one channel of a recorder.

The thermocouple compensator is an electric network which, when
properly adjusted, compensates for the thermal lag of the thermocauple.
A detailed discussion of the basic principles and circuitry lnvolved is
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given in reference 5. This device ensbles a faster response to be
obtained with heavy thermocouple wire than could be ordinarlly obtained
with emall wire, Methods for determining the time constant of thermo-
couples are glven In reference 6.

The compensator was set by placing only one thermocouple in the
circuit and then suddenly plunging the thermocouple from s cooled shield
into the hot gas stream, effectively subjecting the thermocouple to a
step change in temperature. The compensgtor was then adjusted until the
temperature trace recorded as nearly a step as possible.

The frequency response of this circuit with the compensator properly
adjusted i1s flat over the range from O to 5 cycles per second at sea-
level mass-flow conditions.

Engine speed. - An alternator on the engine provides a voltage
whose frequency is directly proportional to speed and varies from 300 to
800 cycles per second over the speed range normally encountered. This
signal was used in connection with an electronic tachometer which was
modified to glve an accurate steady-state and suitable transient indica-
tion of engine speed.

The steady-state indication is provided by & counting circuit that
counts the input frequency for a period of 1.2 seconds, which is accu-
rately set by a crystal-controlled oscillator. This count is then pre-
sented on & neon lamp displey panel for a suitable length of time, after
which the process 1s repeated. Although the count is very accursate,
unless the frequency is high in relstion to speed, the speed cannot be
precisely defined. Conseguently, the alternator signal was first
applied to two stages of full-wave rectification which increased the
frequency by a factor of four. With this modification, the steady-
state speed indication was precise to within 1 rpm.

The transient slgnal was obtained by modifying an existing meter
circuit included in the instrument to provide a continuous indication
of frequency and, hence, speed. A d.c. voltage, proportional to speed,
is produced by the modified meter circuit. After cancellation of the
initial level, this signal was spplied to a d.c. amplifier feeding one
channel of g recorder.

The frequency response of this circuit is limited by a filter cir-
cuit required in the modified meter circuit and is essentially flat over
the range from 0 to 10 cycles per second.

Air pressures. - Transient measurements of ram pressure, compressgor-
discharge pressure, and turbine-discharge pressure were made with the
use of standard, four-element, strain-gage pressure pickups and strain-
analyzer-type amplifiers. A network in the analyzer provides a means
of adjusting the initial output of the amplifier so that only the change
need be recorded.
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The pressure pickups were mounted in the wing section in a centrally
located box which reduced the effect of engine vibration on the pickups.

The dynemic response of these circuits is & function of-the diameter

and length of the tubing used to transmit the pressure from the engine
to the pressure pickup and of the density of the sir. Design of tubing
size is outlined in reference 7. All tubing was experimentally tested
and adjusted before installation to give a frequency response which 1s
esgentially f£lat from O to 10 cycles per second at—sea-lével conditions.

Fuel flow. - The transient indication of fuel flow was obtalned by
measuring the pressure drop across an orifice in the fuel line by means
of a differential strain-gage pressure pickup. The operation of the
pressure pickup 1s the same in this case as for Those uséd to measure ..
air pressures. In order to obtaln a sufficiently Iarge pressure drop
regardless of the fuel flow, the size of orifice used was made varisble
by means of a remotely controlled positioning system. The major limita-
tions on the fuel information obtalned were the mass and capacitance
effects of the fuel and piping system. These limited the useful fre-
quency range to O ta 2 cycles per second. The pressure measuring device,
the fuel valve, and the pressure regulsator across the valve produced
negligible effects in this frequency band.

Thrust. - The transient—thrust measurement, like the pressure
measurements, was obtained with & straln-gage and strain-analyzer type
of amplifier. In this case, however, the strain gage is bonded to =
thrust link attached from the engine to the mount. The englne is
supported in such g manner that the total force of the englne is trans-
mitted to the mount through this thrust 1link.

The frequency response of the circult to a change in the thrust
link is limited by the recorder and amplifier, but the response of the
entire system is dependent on the dynamics of the entire mounting
system, which has not been determined.
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TABLE I. - INSTHUMERTATLOR

R

Measured quantity

Steady-state instrumentation

Transient instrmmentation

Sensor

Range over which
[frequency responee
is essentially
flat,
cpa

Fuel flow

Exhaust-nozzle area

Ram pressurs

Campressor-discharge
totel pressure

Turbine-discharge
total pressure

Thrust

Turblpe-diecharge
total temperature

Rotameter

Potenticmeter mttached to rack and
Zear aspembly and connected Iin
electric clreuit to glve indica-
tion on microammeter; microam-
meter reading converted to area

Water mancmeters
Marcury manometers
Alkazene manometers

Scale

Twenty-four individual thermocouples
commectad to potentiometer-type
strip-chart record

Aneroid-type pressure sensor, wi]:,h
straln-gage element, connected to

meapure pressure drop across & vari-

able orifice in fuel line
Control. feedback potentiometer

Aneroid-type pressure sensor, with
strain-gage element

Anerold-type preasure sensor, with
strain-gage element

Anerold-type pressure esensor, with
straln-gage element

Btrein gage mounted on strain link
attached to forward engine
suspension

8ix, paralleled, 18-gage, chromel-
glumel, butt-welded thermocouples
and electric network to ccmpen-
sate for thermocouple lag

Undetermined

0-100

0-10

at sea-level ptatic
0-10

at sea-level gtatic

0-10
at sea-level gtatic

0-100

0-5
at sea-level static
when used with prop-
erly adjusted com-

Ppensator
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Figure 1. - Matrix form used in linearized description of dynamic char-

acteristics of turbojet engine.
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